To look at the qualitative and quantitative changes in the luminal bacterial flora in response to surgical manipulation of the small intestine. Summary Background Data: The barrier function of the intestine is compromised in pathologic conditions, such as shock, trauma, or surgical stress. Our earlier work has shown that surgical manipulation results in oxidative stress in the intestinal mucosa leading to permeability alterations. Methods: Studies were done on rats, which were randomly divided into four groups (n ϭ 8): group I, control, group II, III, IV different time periods, such as 8, 12, and 24 hours after surgical manipulation, which was simulated by opening the abdominal wall and handling the intestine. The cecal wall and cecal luminal contents were harvested under sterile conditions and processed for quantitation for aerobes and anaerobes. Adherence assays using Hep-2 cells were carried out on Escherichia coli isolated under different experimental conditions. In addition, control E. coli were exposed to superoxide or hydrogen peroxide, followed by subculture and adherence studies. Results: Surgical manipulation of the intestine resulted in qualitative and quantitative alterations in the aerobic bacteria. There was an increase in the number and relative proportion of E. coli in the cecal flora, and there was also an increase in adherence of E. coli to cecal mucosa, which was confirmed by in vitro bacterial adherence studies with HEp-2 cells. These changes were maximum at 12 hours following surgical manipulation and by 24 hours, this came back to control pattern. Control E. coli after in vitro exposure to oxidants also showed increased adherence.
T he intestine acts as a barrier to the luminal contents, which include bacteria and their metabolic and breakdown products. The gut barrier is altered in certain pathologic conditions, such as shock, trauma, or surgical stress, leading to bacterial or endotoxin translocation from the gut lumen into the systemic circulation.
1,2 Our earlier work using a rat model has shown that laparotomy and mild intestinal handling lead to activation of superoxide generating enzyme, xanthine oxidase in enterocytes, resulting in oxidative stress and alteration to the intestinal mucosal structure and function including increased intestinal permeability. 3, 4 Surgical manipulation also affects the structure and function of intestinal brush border membranes and mitochondria. 5, 6 Oxidative stress induced by reactive oxygen species plays a causative role in a variety of pathologic conditions. Severe physiologic stress, such as shock, trauma, or burn injury, cause mesenteric hypoperfusion with preferential shunting of blood to vital organs. Hypoperfusion is associated with impairment of mucosal barrier function, which permits translocation of bacterial pathogens into systemic circulation. The small intestine is increasingly recognized as a primary effector of distant organ damage, 7 and oxidative stress-induced lung damage following mild intestinal handling has been studied recently in our laboratory. 8 The normal intestinal microflora inhabit the intestinal tract in large numbers and diversity and play a major role in preventing intestinal colonization by potentially pathogenic bacteria. Normally, the intestinal epithelial cell surface is free of adherent commensal bacteria, whereas in certain clinical situations such as hemorrhagic shock, immunosuppressive states or traumatic tissue injury, commensal bacteria adhere to and translocate across the intestinal epithelium. 9 -11 Among the commensal bacteria, Escherichia coli, in particular, translocates efficiently across the intestinal epithelium in animal models and causes a large proportion of the septic episodes in critically ill patients. [12] [13] [14] A recent study has suggested that the composition of the cecal coliform flora is an important factor in bacterial translocation. 15 Studies have also shown that overgrowth of potentially pathogenic bacteria in the gastrointestinal tract alters the anatomic and physical barrier function of the intestine and can eventually result in invasion of enteric bacteria to extraintestinal sites or the systemic circulation. 16 Very little information is available on alterations in luminal microflora in surgical stress. The present study looked at the quantitative and qualitative alterations in the luminal bacterial flora, in particular E. coli, in response to surgical manipulation of the small intestine.
MATERIALS AND METHODS

Animals
Adult Wistar rats of both sexes (200 -250 g), exposed to a daily 12-hour light-dark cycle and fed water and rat chow ad libitum were used for the study. The rats were randomly divided in to four groups (n ϭ 8): group I, control (laparotomy alone without intestinal handling); groups II, III, and IV, different time periods such as 8, 12, and 24 hours after surgical manipulation (laparotomy with intestinal handling). The time periods indicate the time of the animal's death following surgical manipulation. This study was approved by the Animal Experimentation Ethics Committee of the Institution.
Induction of Surgical Manipulation in Rats
Surgical manipulation of the gut was carried out as described. 17 Briefly, overnight fasted rats were anesthetized by intraperitoneal injection of ketamine (50 mg/kg body weight). The abdominal wall was opened by a vertical incision of approximately 4 cm and the intestine handled along its entire length from the ileocecal junction proximally, simulating the "inspection" that occurs in a clinical setting. The intestine was then replaced in the abdominal cavity and the whole process was completed within 1 to 2 minutes. Following this, the abdominal wall was sutured and the animals were killed by decapitation 8, 12, and 24 hours after the surgical procedure. This is a mild procedure, which does not inflict any injury to the intestine per se. For controls, the same procedures described above were followed except that the intestine was not handled.
Bacterial Counts and Harvesting of E. coli Strains From Cecal Contents and Cecal Wall
Ceca and cecal luminal contents were harvested from the killed animals under sterile conditions. The number of aerobic and anaerobic bacteria were counted in the cecal contents after serial dilution in saline and calculated as colony forming units (CFU)/g content. The media used for aerobic count included blood agar, McConkey agar, mannitol salt agar, Rugosa SL agar, and for anaerobic count, neomycin blood agar, 5% sheep blood agar without nutrient agar base, Veillonella agar, and Rugosa SL agar medium were used. E. coli strains were isolated from specimens grown on McConkey's media and were identified as E. coli using standard microbiological techniques. Pools of 5 isolates of E. coli from each of the different groups were catalogued and frozen in cryoprotective media. These groups of isolates were used for adherence studies. Cecal tissue was washed in sterile saline and approximately 1 cm 2 of the cecal tissue was cut. The cecal wall was then homogenized in 1 mL of sterile saline and the homogenate was subjected to quantitative culture analysis as described above. The number of bacteria was expressed as CFU/cm 2 tissue.
HEp-2 Cell Culture
For in vitro bacterial adherence studies, HEp-2 cells were used. The cells were cultured on Eagle's Minimum Essential Medium supplemented with 25 mM HEPES, 2 mM L-glutamine, and 8% to 10% fetal bovine serum at 37°C under 5% CO 2 atmosphere and maintained in the same medium with 2% fetal bovine serum.
Bacterial Adherence
The assay was carried out as previously described 18 using HEp-2 cell monolayers grown overnight on 10 spot multitest slides (FlowLabs) and then washed 3 times with minimum essential medium (MEM); 40 L of the overnight bacterial culture of E. coli corresponding to 5 10 5 CFU grown in Luria broth was added to 0.5 mL of MEM containing 2% fetal calf serum and 1% methyl-alpha-mannoside and 50 L of this was overlaid onto each test spot. The slides were then incubated at 37°C with 5% carbon dioxide for 3 hours, washed 3 times with MEM, fixed with 70% ethanol, and stained with 10% Giemsa stain. The slides were examined under the oil immersion lens of a light microscope.
In Vitro Incubation of Control Bacteria With Oxidants
Bacteria isolated from control animals were exposed to various oxidants such as superoxides, generated by xanthinexanthine oxidase with a final concentration of 1 mM xanthine and 0.1 U xanthine oxidase or hydrogen peroxide with a final concentration of 0.5 mM. In vitro incubation was carried out at 37°C for 15 minutes, followed by subculturing of these bacteria on McConkey media and adherence studies. Incubations were also done in the presence of superoxide dismutase (1000 units), a superoxide scavenger. 19 
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Hydrophobicity Assay
Cell surface hydrophobicity was measured by bacterial adherence to hexadecane. 20 Bacteria were grown in Luria broth to approximately mid log phase, collected by centrifugation, and washed twice in phosphate-buffered saline (PBS, pH 7.0). Washed cells were resuspended in 1 mL of PBS and optical density at 620 nm was measured. This measurement served as the control (C o ). Subsequently, 200 L of hexadecane was added and the mixture was vortexed for 1 minute. After the phases were allowed to separate, the optical density of the lower aqueous phase was measured (C H ). The percentage hydrocarbon adherence was determined by the following formula: ͓(C o -C H )/C o ͔ ϫ 100.
Statistical Analysis
All variables were given as median values. The Mann Whitney nonparametric tests were used for tests of significance of differences between groups. A probability of less than 0.05 was accepted as significant. Statistical calculations were performed using SPSS (version 9) software.
RESULTS
Effect of Surgical Manipulation on the Total Aerobes and Anaerobes in the Luminal Flora
The indigenous resident intestinal microflora, which include both aerobes and anaerobes, are remarkably stable under normal circumstances. Cecal contents isolated from normal rat showed both aerobic and anaerobic bacteria. Surgical manipulation of the intestine significantly increased the number of total aerobic bacteria, in particular E. coli, as compared with that of sham control (Fig. 1) . This increase in the number of E. coli was seen 8 and 12 hours after surgical manipulation (peak at 12 hours) and by 24 hours, the normal control pattern was restored. There was no significant change in the total anaerobic bacteria after surgical manipulation (data not shown).
E. coli Counts on the Cecal Mucosa
Since E. coli predominated among the aerobic bacteria after surgical manipulation, studies were carried out to look at the adherence property of the commensal E. coli by counting the number of E. coli adherent on the cecal mucosa. It was found that E. coli counts were higher in the cecal tissue of surgically manipulated rats as compared with controls. This increase was seen maximum at 12 hours after surgical ma- 
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nipulation, which was normalized to sham control level by 24 hours (Fig. 2) .
Effect on Bacterial Adherence
Bacterial adherence can be considered as a reflection of the virulence capacity of a given bacterium balanced against the innate mucosal immune response and number of epithelial adhesin receptors available to the bacteria. To study the phenotype of the bacteria isolated from normal and surgically manipulated rats, an in vitro bacterial adherence study was performed using HEp-2 cells. E. coli isolated from cecal contents of rats after surgical manipulation showed increased adherence to HEp-2 cells than isolates from sham-operated controls (Fig. 3) . Two patterns of adherence, localized and aggregative, were identified. In localized adherence, the bacteria formed microcolonies, of which one or more adhered to the cells. In aggregative adherence, the bacteria were arranged in a "stacked-brick" formation with their long axes parallel. All these changes reached maximum levels at 12 hours following surgical manipulation, and by 24 hours the adherence pattern returned to control levels (Fig. 3D) .
Bacterial adherence to HEp-2 cells was also quantitated by counting the number of bacteria adherent per cell and also the number of cells with adherent bacteria per 100 cells, and it was found that bacterial numbers as well as the cells with adherent bacteria were increased 12 hours following surgical manipulation as compared with control. The numbers came down to control level by 24 hours after surgical manipulation (Fig. 4) . Bacterial adherence can be facilitated by changes in the cell surface hydrophobicity, and this was measured by bacterial adherence to hexadecane. It was found that 12 hours after surgical manipulation, the bacterial hydrophobicity was increased significantly as compared with the control, and returned to control values by 24 hours (Fig. 5) .
In Vitro Incubation of Control Bacteria With Superoxide and Hydrogen Peroxide
Since oxidative stress occurs in the mucosa following surgical manipulation, in vitro studies were performed to determine whether oxidant exposure could modulate or shift the nonadherent property of control bacteria to adherent form. It was seen that superoxide or hydrogen peroxide exposure increased the adherent property of the bacteria (Fig. 6) , which was further confirmed by increase in hydrophobicity (Fig. 7) . This superoxide-induced increase in adherent property and hydrophobicity was attenuated in the presence of superoxide scavenging enzyme, superoxide dismutase.
DISCUSSION
The intestinal epithelium plays an essential role in host defense by preventing the entry of luminal bacteria and other potentially harmful substances into lamina propria. 21 This function of the gastrointestinal tract as a front-line defense against any infection needs to be appreciated. Under normal conditions, bacteria present in the lumen of the gastrointestinal tract remain relatively free of contact with mucosal epithelial cells as a result of a highly evolved mucosal defense system. Bacterial adherence may be considered to be "pathologic," and this is accomplished by specific adhesions that are present on the outer surface of the bacteria and attach 
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Surgical Manipulation and Luminal Bacterial Alterations to specific receptors on host epithelial cells. Both nonimmune (mucus, peristalsis, epithelial surfactants, anaerobes) and immune (secretory IgA) mechanisms normally prevent adherence of luminal aerobic bacteria to the mucosal epithelial cell, thereby shielding their pathogenicity. 22 In certain pathologic conditions, changes in the epithelial surface as well as changes in the properties of the resident bacteria can bring about their adhesion onto the epithelial cells. Our results show that mild intestinal handling can result in qualitative and quantitative changes in the bacterial population in the cecal contents and also change in the microbial/host interactions as indicated by increased bacterial adherence on to the cecal epithelium. Earlier studies have shown that disturbances in the intestinal microecosystem can result in bacterial overgrowth, which in turn is thought to cause bacterial translocation. [23] [24] [25] [26] Normally, the anaerobic bacteria predominate in number. In this study, surgical manipulation affected the gut normal flora by increasing the number of aerobic coliform bacteria, in particular E. coli, in the cecal contents while anaerobes and other aerobes were unaffected. This increase in E. coli number was higher at 12 hours after surgical manipulation, and by 24 hours there was a tendency for the bacterial numbers to come back to control pattern. This disruption of the normal intestinal flora leading to bacterial overgrowth with enteric bacilli as the main colonizers has been documented in other models 27, 28 It is known that bacteria can colonize the intestine and can invade the intestinal epithelial cells. E. coli is a facultative anaerobe found in the intestinal flora, and some strains can act as a pathogen causing diseases such as diarrhea, dysentery, hemolytic uremic syndrome, bladder and kidney infections, and meningitis. In particular, E. coli exhibiting the localized adherence and aggregative adherence patterns has been shown to be pathogenic in the gastrointestinal tract, causing acute and persistent diarrhea 29 . The change in the phenotype to a more adherent form as a response to stress may be an important factor in the determination of the disease causation by E. coli, both within and outside the gastrointestinal tract, the latter by promotion of adherence and passage through the gastrointestinal barrier. The development of sepsis is a function of the microbial load and virulence, the status of the gastrointestinal barrier, and the magnitude of the host defense response. Virulence can be viewed as the increased expression of harmful properties of the pathogen or as an alteration in the host-parasite relationship. Adherence of bacteria to the host epithelial cells is considered to be a pathologic event in the host-parasite relationship and is a basic prerequisite for invasion and translocation. 30 Surgical manipulation induced changes in the bacteria by increasing the hydrophobicity and making it more virulent (adherent) form. This was further confirmed by the in vitro study on bacterial adherence using HEp-2 cells.
Our earlier studies have shown maximum biochemical and functional alterations in the intestine by 1 hour following surgical manipulation, 17 and here the bacterial overgrowth was seen only at 12 hours. This is probably because a 1-hour time period is too short for the bacteria to multiply. Also, it was observed in this study that by 24 hours after surgical manipulation, the bacterial growth was normalized, suggesting that this process is reversible. We have earlier observed that the biochemical and functional alterations in the intestine 12 hours following surgical manipulation is party reversed to that of sham control. 4 This reversibility could be due to the mild intestinal handling, which does not involve any injury to the intestine per se, whereas in major abdominal surgery such as intestinal resection, where the intestinal handling is much more severe, this reversibility may be delayed or not seen. There are several studies that have shown a role for oxidants in modulating the bacterial flora in the intestine. 31, 32 Studies also have shown the susceptibility of the bacteria to various oxidants such as hydrogen peroxide and superoxide. [33] [34] [35] Since oxidative stress plays an important role in surgical manipulation, in vitro studies were also performed to determine whether oxidants can modulate or shift the nonadherent property of control bacteria to adherent form, and it was seen that superoxide and hydrogen peroxide changed control nonadherent E. coli into more adherent form, suggesting that oxidants can modulate the bacterial phenotype under surgical manipulation.
CONCLUSION
This study has shown alterations in the luminal bacterial flora, in particular E. coli following surgical manipulation of the small intestine, and this was accompanied by phenotypic transformation of E. coli to its adherent form. It is also possible that surgical manipulation can selectively increase the adherent E. coli population. The process of bacterial overgrowth and its phenotypic alterations is reversible and is mediated by oxygen-free radicals. These qualitative and quantitative alterations in the luminal bacterial flora might play a role in postsurgical complications such as sepsis.
FIGURE 7.
Percentage hydrocarbon adherence of E. coli isolated from control and control incubated with xanthine alone, xanthine-xanthine oxidase (X-XO), X-XO ϩ superoxide dismutase, or hydrogen peroxide. Methods are given in the text. *P Ͻ 0.05 versus control or control ϩ xanthine. #P Ͻ 0.05 versus superoxide-exposed E. coli. 
